Abbreviations
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CMG

:   Cdc45, Mcm2--7, GINS complex

CRL

:   cullin-RING ligase

DDR

:   DNA damage response

D loop

:   displacement loop

DSB

:   double strand break

DUB

:   deubiquitylating enzyme

ER

:   endoplasmic reticulum

ERAD

:   endoplasmic reticulum associated protein degradation

GINS

:   Go-Ichi-Ni-San, complex made of Sld5, Psf1, Psf2, Psf3

ICL

:   intra-strand crosslink

MCM

:   Minichromosome maintenance

OriC

:   chromosomal replication origin

RING

:   really interesting gene

R loop

:   RNA:DNA hybrid

RPC

:   Replisome Progression Complex

Ter

:   termination site

Tus-Ter

:   terminus utilisation substance - termination

Introduction {#s0001}
============

The elucidation of the double helix structure by Watson and Crick in the 1950s led to the theory of semi-conservative replication: the double helix is unwound and new strands synthesized in a complementary manner, so that the new double strand consists of one new and one old strand.[@cit0001] Ever since this discovery scientists have been trying to describe how this process works in detail. In eukaryotes, much of the work has focused on understanding the synthesis of DNA and, within the last 15 years, the initiation stage of DNA replication. However, very little is known as to how this process terminates. Resolution of structures created during termination of DNA replication is essential for accurate duplication of eukaryotic genomes since, if not resolved efficiently, terminating replication forks can result in genomic instability.[@cit0003] Our recent work is the first indication of the mechanism that unloads the replication machinery at the termination of DNA replication forks.[@cit0005]

The replication machinery (replisome) consists of about 150 proteins and is built around a few key organizing centers. One of them is a replicative helicase, which is the protein complex that can unwind double stranded DNA and create the templates for DNA synthesis.[@cit0008] In eukaryotic cells the core of this replicative helicase is formed by the hexameric Mcm2--7 (Minichromosome maintenance) complex. Hundreds of thousands of Mcm2--7 complexes are loaded onto DNA in the form of head-to-head double hexamers[@cit0009] and 30--50 thousand of these are activated per human cell during DNA replication.[@cit0012] Activation of the helicase requires the action of S-phase kinases, which recruit two additional factors, Cdc45 and GINS, to the Mcm2--7 hexamer leading to the formation of the CMG complex (Cdc45, Mcm2--7, GINS).[@cit0013] This active helicase complex is built around a single Mcm2--7 hexamer and thus the two CMGs that are formed from an inactive double hexamer of Mcm2--7 establish bi-directional replication forks by unwinding DNA and moving away from each other.[@cit0008] Only a small proportion of chromatin-loaded Mcm2--7 complexes are activated during S-phase, while the remaining serve as back-up "dormant origins", which are activated only in the case of replication stress.[@cit0016] The active helicase complexes form the tips of replication forks and travel through DNA, unwinding it until they meet forks coming from the opposite direction (originating from the neighboring origin). This convergence can happen anywhere within the genome and leads to the termination of the converging replication forks. During this process, DNA in between the forks needs to be fully replicated, the replisomes disassembled and the newly synthesized chromatids untangled, so that they can be divided in the forthcoming mitosis. How all these processes happen in eukaryotic cells is still poorly understood.

Our recent work focused on the process of the replisome disassembly at the termination of replication forks. As it is essential that DNA is replicated only once per cell cycle, S-phase kinases, apart from activating Mcm2--7 complexes, also inhibit their further loading onto DNA.[@cit0017] This mechanism ensures that no Mcm2--7 complexes are loaded onto already replicated DNA, thus no re-replication occurs. It means, however, that if the active helicase is prematurely removed from the replication fork it cannot be reloaded due to inhibition of the Mcm2--7 loading mechanism in S-phase. Therefore, the presence of the active helicase is very precious at the fork and it is prevented from unnecessarily dissociating from DNA. Both the active and inactive helicases encircle DNA in a very stable way and cannot be removed from DNA with high salt buffers or detergent. Moreover, one of the main functions of the S-phase checkpoint is to ensure the stability of the active helicase and the replisome at the replication fork in case of DNA replication stress.[@cit0018] Conversely, this means that a highly regulated mechanism is required to unload the active helicase once its role is fulfilled i.e. at the termination of DNA replication forks.

Our recent findings: dissolution of replisome at the terminating replication forks {#s0001-0001}
----------------------------------------------------------------------------------

Using the well-established *Xenopus laevis* egg extract system, which provides an excellent model for biochemical studies of DNA replication,[@cit0019] we showed that blocking polyubiquitylation results in the prolonged association of the active helicase with replicating chromatin and a DNA replication termination defect. This accumulation was due to a defect in unloading of the active helicase at the terminating replication forks, and the accumulated terminating helicases remained in a complex of a size identical to the normal active helicase. This unloading defect was driven through ubiquitin chains linked through lysine 48 (K48), which are usually a marker for degradation of the modified substrate by the proteasome system. However, the inactivation of proteasomal activity, using a small drug inhibitor, could not recapitulate the replisome disassembly phenotype, suggesting that these K48 chains may play a signaling role.[@cit0005]

We observed that only one component of the active helicase was polyubiquitylated during S-phase on replicating chromatin: Mcm7, one of the subunits of the Mcm2--7 complex. Mcm7 was ubiquitylated with K48-linked ubiquitin chains but was not degraded on chromatin by proteasomal activity. Instead, the observed polyubiquitylation was followed by disassembly of the active helicase, and this was dependent on the p97/VCP/Cdc48 protein remodeller. Importantly, Mcm7 was polyubiquitylated only when replication forks were allowed to terminate. It was strongly inhibited when progression of the forks was blocked by inhibition of the DNA polymerases or when termination itself was perturbed with the Topoisomerase II (Topo II) inhibitor ICRF193. Both, the ubiquitylation of Mcm7 and disassembly of the active helicase, were dependent on activity of the cullin family of ubiquitin ligases, as both were blocked with MLN-4924, an inhibitor of cullin-activating neddylation. Altogether, our findings suggest an unloading mechanism whereby an unknown aspect of replication fork termination leads to cullin-dependent ubiquitylation of Mcm7 with a K48-linked ubiquitin chain. This, in turn is recognized by the p97 complex and remodeled causing the helicase to be removed from chromatin[@cit0005] ([**Fig. 1**](#f0001){ref-type="fig"}). Figure 1.A speculative model of replisome dissolution at the termination of DNA replication forks based on data published in (5, 55). (**A**) Two replication forks from neighboring origins approach each other. (**B**) The Mcm7 subunit of the CMG complex becomes ubiquitylated with lysine-48-linked ubiquitin chains in a process dependent on cullin-type ubiquitin ligase. The ubiquitylated Mcm7 is recognized by protein segregase p97/VCP/Cdc48. (**C**) p97 activity is required to remodel the active helicase complex resulting in replisome disassembly and removal from chromatin.

Unloading of inactive and active Mcm2--7 complexes {#s0001-0002}
--------------------------------------------------

Importantly, the ubiquitylation-driven disassembly of the helicase described above specifically affected the CMG (i.e., activated Mcm2--7) complexes. CMG complexes are formed from only 5--10% of all Mcm2--7 present on chromatin in *Xenopus laevis* egg extract, and we do not see a delay in the unloading of the inactive Mcm2--7 complexes.[@cit0005] This suggests that the mechanisms involved in unloading these two types of Mcm2--7 complexes are different. This is not surprising as inactive Mcm2--7 complexes form double hexamers encircling double stranded DNA along which they can slide,[@cit0009] while active helicase complexes contain a single Mcm2--7 hexamer, Cdc45, GINS and encircle the single strand of the leading strand at the fork: their movement along which unwinds DNA.[@cit0013] CMG complexes are also surrounded by multiple regulatory proteins forming Replisome Progression Complexes (RPCs).[@cit0008] It is currently unclear if the inactive Mcm2--7 complexes are unloaded as the progressing forks encounter them or if they slide in front of the progressing forks up to the point of termination of two neighboring forks ([**Fig. 2**](#f0002){ref-type="fig"}). In either case, they are removed from chromatin throughout S-phase as replication progresses, and for unloading depend on active replication.[@cit0022] Figure 2.Two possible mechanisms for dormant origin removal from chromatin. Inactive Mcm2--7 complexes may be removed as active forks approach them (left panel, Elongation removal) or pushed in front of the progressing forks and removed at sites of replication fork termination (right panel, Termination removal).

It has been shown previously that MCM Binding Protein (Mcm-BP) and its interacting partner Usp7 can both stimulate the unloading of Mcm2--7 complexes from chromatin.[@cit0023] Importantly, immunodepletion of Mcm-BP from *Xenopus laevis* egg extract does affect the bulk of Mcm2--7 complexes on chromatin, indicating its importance for unloading the majority of chromatin-loaded Mcm2--7 (the inactive Mcm2--7 double hexamers).[@cit0024] Interestingly, this defect in removing inactive, dormant origins could also lead to a delay in termination by presenting a roadblock for terminating forks ([**Fig. 2**](#f0002){ref-type="fig"}, Termination removal model), although Mcm-BP depleted extract did not exhibit any defect in replicon fusing.[@cit0024] In immortalized human cell lines, as well as affecting the chromatin levels of Mcm2--7, Mcm-BP downregulation resulted in increased cellular levels of Mcm2--7 complexes, replication initiation problems, replication stress, post-replicative cohesion defects, G2 checkpoint activation, mitotic problems and altered nuclear morphology.[@cit0026] Usp7, a deubiquitylating enzyme (DUB), was also shown to affect the removal of Mcm2--7 complexes from chromatin in human cells, while also being able to interact with Mcm-BP.[@cit0023] Similarly to Mcm-BP, Usp7 is reported to regulate many cell cycle and DNA repair processes: during S-phase Usp7 stabilizes the replisome component Claspin[@cit0031] and epigenetic regulator DNA methyltransferase 1 DNMT1.[@cit0032] During the DNA damage response, Usp7 deubiquitylates and stabilizes translesion polymerase Pol-eta,[@cit0033] nucleotide excision repair factor XPC,[@cit0034] checkpoint kinase Chk1[@cit0035] and p53 acetyltransferase Tip60.[@cit0036] Finally, in mitosis, Usp7 regulates the level of the spindle assembly checkpoint component - Bub3,[@cit0037] E3 ubiquitin ligase - CHFR and the cell cycle regulator kinase - Aurora A.[@cit0038] With so many cellular functions reported for both Mcm-BP and Usp7 it remains to be determined if the Mcm2--7 unloading defect observed in human cells upon downregulation of Mcm-BP and Usp7 reflects indeed a direct role of these proteins in Mcm2--7 disassembly. Additionally, it was also suggested that CDK driven phosphorylation of Mcm4 can reduce the affinity of Mcm2--7 for chromatin.[@cit0039] Altogether, the exact mechanism for the unloading of dormant Mcm2--7 complexes is still to be established.

Topological resolution of terminating replication forks {#s0001-0003}
-------------------------------------------------------

At present we know very little about the mechanism of resolution of DNA replication forks in eukaryotic cells, but it has been studied in more detail in bacteria. In the circular chromosomes of bacteria, replication typically begins at a single origin, *oriC*. The two resultant replication forks proceed in opposite directions and replication is terminated at a fixed site: the sequence-specific termination (*Ter*) site that is located directly opposite the replication origin.[@cit0040] A specific terminator protein is bound at these sites, so that when the helicase collides with it, a "replication fork trap" is formed, which pauses the replicative machinery until the fork traveling from the opposite direction meets it.[@cit0042] It is believed that this second approaching fork displaces the terminator protein and completes DNA unwinding.[@cit0043] Additionally, RecQ helicase activity can resolve converging replication forks: thus it may replace the standard replicative helicase during the final stage of termination.[@cit0044] The exact mechanism of disassembly of the replisomes remains unknown, but the existing evidence suggests that Pol I (which is normally involved in Okazaki fragment maturation) may replace Pol III to complete termination.[@cit0045] The two entwined double stranded chromosomes are subsequently decatenated by Topoisomerase IV activity.[@cit0046] Another DNA helicase, RecG, which is essential for DNA recombination and repair has also been shown as important for limiting re-replication, for example, at D and R loops near the termination site.[@cit0047]

In eukaryotic cells, which start replication from many thousands of origins, replication forks terminate when they converge at random sites thus, it is believed that specific DNA sequences are not generally required for this.[@cit0049] Eukaryotic *Ter* sites have, however, previously been described and studied as examples of specific sites of replication forks termination. These *Ter* sites contain fork-pausing elements and help to coordinate fork fusion at these specific locations. In budding yeast, within *Ter* sites, the helicase Rrm3 is important for fork progression and Topo II facilitates fork fusion possibly by resolving precatenates behind the fork.[@cit0003] Additionally, the fission yeast DNA helicase Pfh1 is known to promote merging of replication forks at termination by allowing fork progression past DNA-protein barriers present at barrier-specific termination sites.[@cit0051] It is unclear however, whether these helicases play an important role at the majority of termination sites, which do not occur at *Ter* sites, but are spread randomly in the genome. Nevertheless, we do know that Topo II plays an essential role in the termination of replication forks irrespectively of where they occur. Topo II removes hemicatenates within the parental DNA in between the converging forks as well as precatenates of sister chromatids behind the converging forks. Expression of catalytically inactive Topo II leads to G2 arrest, with a failure to complete replication and persistence of hypercatenated DNA molecules.[@cit0052] Moreover, an inhibitor of Topo II activity, ICRF-193, impairs the completion of DNA replication and leads to a termination defect in *Xenopus laevis* egg extract.[@cit0053] Finally, we have shown that when replication termination is blocked using ICRF-193, Mcm7 ubiquitylation and active helicase disassembly are substantially reduced.[@cit0005] To resolve topological stress, Topo II acts via an active strand passage mechanism: it creates a double strand break in a duplex DNA molecule and passes another duplex DNA molecule through this break.[@cit0054] Topo II forms a covalent complex with DNA in a reversible reaction. This ensures that DNA ends are protected and do not start a DNA damage response (DDR) and also that they can be quickly and efficiently re-ligated without the need of a DDR.[@cit0054]

Based on our current knowledge of DNA replication and replication termination in bacteria and eukaryotic cells, there are at least 3 theoretical models of the termination mechanism ([**Fig. 3**](#f0003){ref-type="fig"}). Firstly, a direct collision between the two helicases may occur, after which they become disassembled ([**Fig. 3A**](#f0003){ref-type="fig"} -- Simultaneous removal of converging replisomes). Additional helicases (like Rrm3) and polymerases may possibly be recruited to resolve the final sections of DNA.[@cit0003] Secondly, after collision one helicase may first be disassembled before the remaining helicase can complete replication without the need for additional non-replisome factors ([**Fig. 3B**](#f0003){ref-type="fig"} -- Sequential removal of converging replisomes). Thirdly, it is possible that the replicative helicases may cross each other at the termination site and slide onto double-stranded DNA before being removed. This may be possible as the eukaryotic helicase most likely encircles single-stranded DNA and travels along the leading strand[@cit0015] ([**Fig. 3C**](#f0003){ref-type="fig"} -- Passing replisomes). This last model could explain how dia2Δ *S.cerevisiae* cells can survive through chromosome segregation despite retaining their CMG complexes on DNA until the next cell cycle.[@cit0055] Figure 3.Speculative models of replication fork termination mechanisms. Two forks approach each other traveling in opposite directions with the CMG complexes unwinding DNA at the tips of the forks. Topo II helps to release the tension created by hemicatenates between approaching forks. (**A**) Simultaneous removal of converging replisomes. Two helicases collide with each other leading to disassembly of both replisomes and resolution of the terminating DNA with the potential help of additional factors and Topo II. (**B**) Sequential removal of converging replisomes. The convergence of two helicases leads to disassembly of one of the replisomes while the other finishes unwinding and replicating the remaining DNA. The sister chromatids are detangled by Topo II. (**C**) Passing replisomes. Two approaching forks pass each other at the termination site as each helicase is traveling only on the leading strand i.e., on the parental strand within the new sister chromatids. The CMG complex may be disassembled when it approaches the last Okazaki fragment of the lagging strand in front of it, start unwinding the last Okazaki fragment or start sliding on the double stranded DNA of the last Okazaki fragment. Again, Topo II detangles the new sister chromatids.

What ubiquitylates Mcm7 at replication forks termination? {#s0001-0004}
---------------------------------------------------------

The parallel study from Maric et al. showed that in the budding yeast, a cullin-RING family ubiquitin ligase SCF^Dia2^ ubiquitylates Mcm7 at the terminated replisome.[@cit0055] SCF^Dia2^ is composed of the cullin scaffold protein Cdc53, RING protein Hrt1, adaptor protein Skp1 and substrate recognition F-box protein Dia2. In higher eukaryotes the identity of the ubiquitin ligase targeting Mcm7 is not yet known, as Dia2 does not have a sequence homolog in higher eukaryotes. Our study shows, however, that both Mcm7 ubiquitylation and replisome dissolution depend on activity of the cullin-family ubiquitin ligases in *Xenopus* egg extract. Taking into account that other elements of this novel mechanism are highly conserved throughout higher eukaryotes, it is likely that a cullin-RING type of ubiquitin ligase (CRL) directly ubiquitylates Mcm7 in higher eukaryotes. Higher eukaryotes express 7 different canonical cullins (Cul1, 2, 3, 4A, 4B, 5 and 7) that each form a multi-subunit ubiquitin ligase. A key feature of CRLs is the formation of a multi-subunit ligase with a common catalytic core but numerous substrate receptors, which can recruit different substrates.[@cit0056] Altogether, there are over 600 possible combinations of cullin ligases and the challenge lies in finding the substrate receptor combination responsible for Mcm7 ubiquitylation. Cul1, Cul2 and Cul4 are all implicated in the regulation of eukaryotic replication and/or S-phase progression.[@cit0057] Time will show which cullin/substrate receptor combination is responsible for Mcm7 ubiquitylation.

How is the terminating helicase selected for ubiquitylation? {#s0001-0005}
------------------------------------------------------------

While it is easy to see that inactive and active helicase complexes differ significantly in their structure, it is less clear how cells can specifically recognize the terminating active helicase for polyubiquitylation and disassembly over all other molecules of actively unwinding helicase. The key question worth considering is therefore what is different about the terminating helicase? It is likely that the replicative helicase undergoes a conformational change at termination (possibly followed by a post-translational modification), which acts as a signal to initiate the ubiquitylation of Mcm7. This conformational change or modification is likely to be stable as CMGs accumulated on G1 chromatin from a previous cell cycle (in dia2Δ cells) can readily be ubiquitylated and disassembled upon ligase re-expression.[@cit0055] Taking into account the termination models outlined above ([**Fig. 3**](#f0003){ref-type="fig"}), the conformational change within the terminating helicase can take different forms. If one of the first two models is true, it may be a conformational change within the helicase induced by the torsion in DNA due to hemicatenates formed between the converging forks.[@cit0060] Alternatively, the recognized termination structure may be two CMG complexes with the Mcm2--7 C-terminal helicase domains facing each other (opposite to the Mcm2--7 hexamers N-terminus to N-terminus orientation in inactive double hexamers). In the third model (Passing replisomes), the conformational change could be due to the helicase transferring onto the double stranded DNA upon passage of the termination site or the structure of 2 replisomes passing each other. This conformational change could then be recognized directly by the ubiquitin ligase leading to Mcm7 ubiquitylation and CMG disassembly, or by other post-translational modifying enzymes, creating the recognition signal for the ligase. Unfortunately, as the precise mechanism of resolution of the bacterial replisome at the termination of prokaryotic replication forks is not clear, we are unable to draw any analogies to help us distinguish between the above possibilities.

Another way to understand how terminating helicases differ from those unwinding DNA at the forks is to study the ubiquitin ligase targeting Mcm7 and to establish the signal recognized by it. Interestingly, Dia2 interacts with the replisome throughout S-phase and when replication fork progression is slowed down by hydroxyurea treatment.[@cit0061] It therefore suggests that it is the ubiquitin ligase activity, but not localization, of SCF^Dia2^ that is stimulated specifically at termination of replication forks. Interestingly, CRLs often target substrates upon their priming post-translational covalent modification such as phosphorylation (e.g. CDK inhibitor Sic1, Cyclin E and p27) or hydroxylation (e.g., the transcription factor, Hypoxia Inducible Factor 1α).[@cit0056] Such a modification-dependent substrate choice can allow selective ubiquitylation of a specific substrate pool -- i.e. specifically the helicase, which has no longer any function. It is unlikely, however, that this targeting modification could be applied just by cell cycle regulating kinases such as cyclin-dependent kinases CDKs or Cdc7 kinase, as termination can happen at any time throughout S-phase whenever two forks meet. We have also shown that forks accumulated in S-phase but prevented from physical termination do not support efficient Mcm7 ubiquitylation.[@cit0005] To conclude, much remains to be learnt about the identity and regulation of the ligase responsible for replisome dissolution and the mechanism by which the terminated helicase is specifically recognized for dissolution.

Is Mcm7 ubiquitylation required for terminating replisome disassembly? {#s0001-0006}
----------------------------------------------------------------------

Our research raises another important question: is Mcm7 the only protein that needs to be ubiquitylated for replisome dissolution? At present we know that Mcm7 is the only CMG subunit that is found polyubiquitylated on chromatin during S-phase in both *S.cerevisiae* and *X.laevis*.[@cit0005] To test whether it is the essential substrate we need to create a mutant of Mcm7 that is proficient in unwinding DNA but cannot be ubiquitylated. The human homolog of Mcm7 contains 32 lysine amino acids and at least 14 of them have been reported to be ubiquitylated in proteome-wide screens.[@cit0062] Mutation of all of them is impossible as it would most likely result in a non-functional protein. It is also not known if any of these mapped sites are relevant for replication termination as unsynchronised cell populations were used for the proteome-wide screens. The mapped sites may therefore be involved in other cellular processes such as protein quality control, as other subunits of Mcm2--7 complex have also been reported as ubiquitylated substrates. Importantly, it has been shown that cullin complexes (especially Cul1 complexes) display a considerable plasticity in the selection of the lysine residue within the substrate.[@cit0056] Therefore, a version of Mcm7 with mutated mapped ubiquitylation sites may still be ubiquitylated (on neighboring lysines). Altogether, this is a challenge that will require much further work to resolve.

p97 segregase and the fate of ubiquitylated CMG {#s0001-0007}
-----------------------------------------------

Our findings on the final stage of replisome dissolution -- its actual remodeling and removal from chromatin -- also instigate a number of further questions that need to be answered. We have shown that p97/VCP/Cdc48 segregase activity is required for the disassembly of the CMG complexes at converging forks; most likely by applying its remodeling activity to helicase labeled with K48-linked ubiquitin chains on Mcm7.[@cit0005] Maric et al. proposed a similar role for Cdc48, the yeast homolog of p97, in CMG disassembly,[@cit0055] suggesting that this is an evolutionary conserved mechanism. p97 is a highly conserved homohexameric ring-shaped protein complex and a member of the family of AAA-ATPases.[@cit0066] It functions as a ubiquitin-selective segregase, binding ubiquitylated substrates and extracting them from different cellular structures including protein complexes, membranes and chromatin.[@cit0068] Although it was first described as a required factor in the process of endoplasmic reticulum-associated protein degradation (ERAD)[@cit0070] and membrane fusion,[@cit0071] in the last decade p97 has emerged as a central player in chromatin related processes such as DNA replication and repair, transcription, chromosome segregation and chromatin decondensation.[@cit0072] This functional diversity of p97 can be explained by the fact that it is one of the most abundant proteins within the cell and that it can associate with a wide spectrum of "substrate-recruiting cofactors."[@cit0066] p97 segregase forms two major core-complexes by interacting with the well characterized cofactors p47 and the Ufd1-Npl4 heterodimer in a mutually exclusive manner.[@cit0075] These core-complexes can then associate with extra cofactors that confer a higher degree of substrate specificity.[@cit0076] Examples of these secondary cofactors are Ubx2, which links p97^Ufd1-Npl4^ to ERAD, or the recently described DVC1, which recruits p97^Ufd1-Npl4^ to stalled replication forks after DNA damage.[@cit0077] Apart from interacting with this plethora of "substrate-recruiting cofactors", p97 also associates with a broad spectrum of "substrate-processing cofactors", including de-ubiquitylating enzymes (DUBs). The association of p97 with DUBs ultimately lead to de-ubiquitylation of the substrate and prevent its proteasomal degradation.[@cit0079] Several DUBs have been found to interact with p97 including VCIP135 - a regulator of the p97-mediated Golgi and ER membrane fusion,[@cit0080] YOD1 (and its yeast ortholog Otu1), USP13, ataxin3 and USP25 - linked to the regulation of ERAD[@cit0079] and USP50 - which has been implicated in the regulation of the DNA damage checkpoint.[@cit0084]

The list of chromatin-bound ubiquitylated proteins that are processed by p97 has been largely expanded within the last decade. In general, these proteins become polyubiquitylated in a context-dependent manner, which induces their p97^Ufd1-Npl4^-mediated recognition and extraction from chromatin.[@cit0072] In some instances p97^Ufd1-Npl4^ recruits the proteasome to ubiquitylated proteins to promote their degradation e.g., Cdt1 (after UV irradiation), SET8 and the RNA Polymerase II subunit Rpb1.[@cit0087] Alternatively, it can also extract the substrate from chromatin and direct it for degradation by the proteasome e.g., Cdt1 during mitosis[@cit0089] and proteins involved in the repair of DSBs.[@cit0090] In other cases there is no evidence of proteasomal degradation e.g. mitotic kinase Aurora B,[@cit0092] *S.cerevisiae* transcriptional repressor α2[@cit0093] and the Polycomb protein L3MBTL1.[@cit0094]

In our study there are still some open questions related to p97-dependent CMG unloading. Firstly, we do not know which "substrate-recruiting cofactors" associate with p97 during this process. It is likely that the heterodimer Ufd1-Npl4 is the major cofactor as for all other reported chromatin-associated p97 substrates. Moreover, p97^Ufd1-Npl4^ has been shown to be crucial for S-phase progression and normal DNA replication in *C. elegans*.[@cit0095] Secondly, the fate of ubiquitylated Mcm7 after being removed from chromatin still remains unknown. Our data indicate that Mcm7 is not degraded by proteasome while still on chromatin.[@cit0005] The ubiquitylated Mcm7 is therefore removed from chromatin by p97 and then either delivered to the proteasome for degradation or de-ubiquitylated by DUBs (either one associated with p97 or another member of the family). It remains to be determined which of the above is correct in order to fully understand the mechanism of active helicase unloading.

The relevance of faultless resolution of terminating replication forks {#s0001-0008}
----------------------------------------------------------------------

All of these new questions raised by our findings are of key importance for cell biology, aging and cancer development. Improper replication fork resolution, sections of unreplicated DNA and the resultant DNA breakages, or unloaded replication machinery, can all lead to genomic instability. In bacteria, inactivation of the termination Tus-Ter system in a plasmid replication model leads to rolling-circle replication and thus to plasmid instability.[@cit0097] Furthermore, depletion of the helicase RecG results in major defects in chromosomal segregation due to a termination defect leading to the initiation of replication near the termination site.[@cit0004] Given that in eukaryotic cells forks terminate at multiple sites, the potential effects are likely to be more severe. In budding yeast, a genome-wide correlation has been described between fragile sites and replication termination sequences, suggesting that the perturbed termination could lead to breakages at these sites.[@cit0098] The chromosomes of *top2* mutant cells exhibit breaks and remain entangled,[@cit0003] while cells lacking Rrm3 or Pfh1 exhibit problems with chromosome segregation, including anaphase bridges and lagging chromosomes.[@cit0051] Finally budding yeast dia2Δ cells exhibit highly increased levels of genomic instability, constitutive Rad53 activation and an increase in endogenous DNA repair foci.[@cit0100] There are up to a hundred thousand replication forks established during every S-phase in human cells. If even a small proportion of these have problems, this has the potential to drive mutations and genomic instability.

It is also likely that the mechanism of disassembly of the active helicase discussed here is equally relevant in the case of disassembly of the replisome at sites of DNA damage. It is known, at least in the case of repair of intra-strand crosslinks (ICL), that the timely removal of the replisome plays a key role for the subsequent repair. A recent elegant study suggested that ubiquitylation and Brca1 are required for this replisome dissolution at ICLs, but the specific substrate of this ubiquitylation is not yet known.[@cit0101] If polyubiquitylation of Mcm7 is indeed essential for efficient DNA damage response and repair, its significance in maintenance of genomic stability and cancer development will be even greater. Altogether, gaining a detailed understanding of the mechanism of replication fork termination and answering the questions raised here are therefore very important for developing our knowledge of the maintenance of genome integrity.
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